Abstract The deposition profile of the impurity pellet is measured by a two-dimensional fastframing vacuum ultraviolet (VUV) camera system in the large helical device (LHD). The fast framing camera selectively measures the emission from the hydrogen-like ions of carbon (C VI) with a frame rate of several kHz. From the emission profile of the hydrogen-like carbon ions, which are in the process of ionization, the initial deposition profile of the carbon is estimated using a simple one-dimensional transport model.
Introduction
Radiation loss by impurities is an important energy loss mechanism in magnetically confined plasmas. A reduction in the amount of impurities is required for the reduction of the radiation loss, and understanding impurity transport is essential for fusion reactors.
In the large helical device (LHD), impurity transport studies have been carried out using 1D array measurements [1] . One of the important findings in the LHD is that an extremely hollow impurity profile, which is denoted as the 'impurity hole', is observed in plasmas with a steep ion temperature gradient after the ITB formation in the high ion temperature plasma [2] . The physical mechanism of impurity transport is still an open physics issue to be studied in helical systems. Carbon pellets are routinely injected into the LHD for the study of impurity transport and for the enhancement of the fraction of the power input from NBI into ions. When the transport of the impurity pellet injection experiments is modeled, information about the impurity particle deposition profile is required. The pellet starts to ablate immediately when it enters the plasma. The ablation process is complex and it is difficult to determine the initial deposition profile. Therefore, direct measurement of the deposition profile is required. A new method to estimate this profile using a 2D vacuum ultraviolet (VUV) telescope is first presented in this study, given a certain initial profile, and the density profiles of carbon ions with different charge states are obtained through simple transport modeling. Secondly, synthetic images are made with modeled C VI density profiles, and finally, the initial profile is estimated by comparing the synthetic images and the measured ones. This paper is organized as follows. The experimental setup is described in section 2, and the relation between the measured 2D image and the 1D profile will be discussed in section 3.1. Since the profile of only one ionization state (C VI) can be measured, a model of the impurity transport with ionization/recombination process is required, and a simple 1D impurity transport model is presented in section 3.2. The experimental results and estimations of the initial deposition profile are given in sections 4 and 5.
Experimental setup
The LHD device is a Heliotron-type device with a major radius R = 3.9 m and averaged minor radius < a > ∼ 0.6 m [3] . Cylindrical solid carbon pellets with diameters ranging from 0.3 mm to 1.0 mm were used for the impurity transport study [4] . Typically, pellets are ablated between ρ=0.5 and 1.0. Here, ρ is the normalized minor radius of the plasma. The penetration depth depends on the pellet size and the parameters of the plasma.
A tangentially viewing high-speed VUV telescope system has been developed [5, 6] in the LHD. A pair of Si/Mo-type multi-layer mirrors is used for imageforming. Photons with a wavelength around 13.5 nm (∆λ ∼ 1 nm) can be selectively measured with this device. Therefore, the C VI (n=4-2) line emission in this energy range can be measured. The VUV photons are detected by a negatively biased (∼ −0.75 keV) two-stage multichannel plate (MCP) with a phosphor screen. A Vision Research Phantom V4.2-type CMOS camera is employed to record the 2D image on the phosphor screen. The framing rate of the camera can be up to about 20 kHz with a size of 128×128 pixels, which makes it possible to investigate fast phenomena by the time evolution of the images two-dimensionally. Dur-ing the experiment, the gain of the MCP, the framing rate and the image size are manipulated remotely from the control room. Generally, images are recorded with 256×256 pixels and the framing rate is remotely adjusted according to the brightness of the image. The image data are recorded digitally in the camera and transferred through optical fibers after a discharge.
This type of VUV telescope system has been transferred to a tangential port on the LHD from a perpendicular port. The viewing fields in the horizontal and vertical directions are shown in Fig. 1 . The thicker solid lines indicate the first wall of the LHD, and the thin solid lines indicate the magnetic flux surfaces. In discharges with carbon pellet injection, pellets are injected from the outboard side of the torus. The spatial resolution of the camera system is 256 × 256 pixels, and one pixel is equivalent to a region of about 2.5 cm × 2.5 cm in the LHD. Fig. 2 shows an example taken in a discharge with carbon pellet injection. In the next section, a method will be introduced to produce a synthetic image. The black oblique strip on the right upper part on the image is due to the shielding of a cooling pipe inside the vacuum vessel. In the next section, the method that can produce a synthetic image with a certain emissivity profile is discussed. The shape of the LHD plasma is a helically twisted torus. Therefore, it is not easy to interpret the tangential image in terms of the local emission profile. Here, a method to construct the matrix which links the local emission profile with the line-integrated image is described. The emission along the magnetic field line is assumed to be constant. The i'th line-integrated measurement I i can be calculated by the integration of the local emissivity E(r) along the sight line i:
(1) The line of sight can be mapped to a curved line (thick red line in Fig. 3 ) on a poloidal plane Pt (target plane). Each line element in the sightline is connected to one corresponding line element in the curved line with the magnetic field lines, as described in Refs. [7, 8] . The magnetic field is estimated by the equilibrium calculated by the HINT2 code [9, 10] . The contribution from one rectangular section in the poloidal plane on I i can be estimated by the length of the curved elements in that section. The relationship between the local emissivity E and line-integrated measurement I can be represented in a matrix form,
where I is the vector representing the line integrated image, and E is the vector that represents the local emission profile. W is called the geometry matrix. Fig. 3 shows an example of the sightline projected on a poloidal cross section at the horizontally elongated section (Pt). An equilibrium with the averaged-beta β ∼ 1.4% and the preset magnetic axis R ax = 3.75 m is used. The green curves indicate the magnetic surfaces and the red lines are part of the sight line projections. 2D images can thus be simulated with any emission profile in the target plane Pt using the geometry matrix. Fig. 4 (A) shows the C VI density profiles obtained with different uniform diffusion coefficients (D is 5 m 2 /s for the green curve, which is one percent of that for the black one) and the same convective velocity. An example of the synthetic line-integrated image in a stationary case is shown in Fig. 4(B) , which is simulated with the edge peaked profile. 
The 1D impurity transport model
If cylindrical symmetry is assumed, the density distributions of the ionized impurities are functions of the minor radius r. They are governed by the ionizationrecombination process and transport process in space. The radial density distributions are thus given by the following coupled differential equations [11] :
Here, n k is the impurity ion density in the kth ionization state, α k is the ionization rate for the (k − 1)th state to the kth state, and β k is the total recombination rate from the kth state to the (k − 1)th state. δ is Kronecker's symbol and S is the source term.
The flux of the impurity ions Γ k in the kth ionization state is assumed to be,
where D k and V k are the diffusion coefficient and inward diffusion velocity, respectively. In this work, a constant diffusion coefficient is assumed, as shown in Fig. 5 . The convective velocity is assumed to be of the following forms. This set of parameters explains the experimentally observed profile well [1] :
where a is the minor radius, r * is the inflexion point of the convective velocity profile, V r * is the convective velocity at r/a = r * , and V edge is the convective velocity at r/a = 1.0, respectively.
If the initial neutral carbon deposition profile is given, the evolution of the population density of each ionized state can be traced.
Here, an initial profile is assumed in the analysis:
where r pen represents the inflexion point of the initial profile. Given a penetration depth (1 − r pen ), the density profiles of the carbon impurity at each charge state can be evaluated with this model, and the C VI emissivity profile has a sensitive dependence on the initial profile. Fig. 6 (a)∼(d) shows the temporal evolution of the modeled C VI emissivity profiles with different initial profiles: r pen =0.4 (black), 0.65 (red) and 0.9 (blue), respectively.
Fig.5
The transport coefficient profiles of the diffusion coefficient and convective velocity assumed in transport modeling Fig.6 Temporal evolutions of the modeled C VI emissivity profiles with different initial profiles: rpen=0.4 (black), 0.65 (red) and 0.9 (blue) (color online) Fig. 7 shows the synthetic images and corresponding different δ-function type C VI emissivity profiles. The structures of the images are different for different C VI distributions, which indicates that the VUV images are sensitive to the C VI emissivity profiles. Therefore, the penetration depth of the pellet can be evaluated by comparing the experimentally measured images and the modeled ones. Fig.7 The synthetic images and corresponding δ functionlike C VI emissivity profiles (color online) Fig. 8 shows the typical waveforms of the plasma with carbon pellet injection. The curves from the top to the bottom of Fig. 8 are (a) the stored energy, (b) the line-averaged electron density, (c) the central electron temperature, (d) the radiation power, (e) the emission intensity of CIII, and (f) the emission intensity of C VI measured by the VUV camera system, respectively. The carbon pellet is injected at 3.88 s. The intensity of the carbon line emission increases rapidly after the injection, as seen in Fig. 8 . The discharge conditions of the target plasmas are as follows: the toroidal magnetic field is -2.75 T ('-' denotes that the direction of the magnetic field is anticlockwise from a top view), the line-averaged electron density is about 1.0×10
19 m −3 , and the center electron temperature is 3.5 keV.
2D VUV images after carbon pellet injection are shown in Fig. 9 . The parameters of the target plasma Fig.8 The typical plasma waveforms of a discharge with carbon pellet injection Fig.9 The typical time evolution of the 2D VUV images with pellet injections in high (A) and low (B) temperature cases. The carbon pellet is injected at ∼ 3.88 s and 4.8 s for the high-temperature and low-temperature cases, respectively. The images shown in the first row of (A) and (B) are plotted with normalized data, while those in the second row are corresponding images plotted with absolute value (color online) for (A) are shown in Fig. 8 , and the target electron density and electron temperature for (B) are 2.1×10 19 m −3 and 2.9 keV, respectively. That is, the electron temperature before injection is higher in Fig. 9 (A) than that in Fig. 9(B) . The images shown in the first row are normalized to their maxima so as to show the shape in detail. The images in the second row are instead plotted in absolute values to highlight the time evolution of the intensity. After pellet injection, the impurity emission increases quickly and decays more slowly. The structures of the bright area on the images are quite different after pellet injection under the two target plasma conditions since the shape is strongly affected by the emission profile.
Estimate of the deposition profile
To estimate the initial carbon deposition profile, 1D model calculations are performed with fixed transport coefficients (D=0.2 m 2 /s, r * =0.6, V r * = 0 m/s and V edge = −1.5 m/s, mentioned in section 3.2). The optimum r * is selected so that the synthetic images produced by the corresponding modeled C VI emissivity profiles after pellet injection are consistent with the experimental ones, and the electron temperature profile is fixed to the experimentally measured one obtained by Thomson scattering.
In Fig. 10 , comparison of the measurement (Fig. 9 ) with the model is shown. The time evolution of the measured intensity of the brightest pixel is shown in the scattered colored squares in Fig. 10(A) and (B) (the cycle on Fig. 10(B) is a calculated point and the corresponding profile is shown as a dashed curve in Fig. 10(F) ). The time evolutions of the C VI intensity are modeled from the initial step-function-like deposition profiles (Eq. (5)), which are shown as the black lines labeled 'CI' in Fig. 10(C) and (D) . The time evolutions of the C VI profile are shown in the colored lines in Fig. 10(C) and (D) . The timing of each line in Fig. 10(C) and (D) is the same as the timing of the measurements. The comparison is made as follows. (1) The time evolution of the intensity at the brightest pixel in the experiments (the squares in Fig. 10(A) and (B)) is compared with the modeled time evolution shown by the green curves in Fig. 10(A) and (B) ; (2) the shapes of the images just after pellet injection are compared. From the modeled emission profile at 3.927 s, the synthetic image is calculated as shown in Fig. 10(E) . This image is compared with the experimentally measured one (Fig. 10(G) ). Similarly, the synthetic image of Fig. 10(F) (4.855 s) is also compared with the measured image ( Fig. 10(H) ). Comparisons (1) and (2) are carried out taking different initial profiles (the penetration depth r pen is the control parameter since a step-like function of the deposition profile is assumed) to search for the optimum estimate of r pen . The penetration depth is roughly determined by this procedure. In the period just after the pellet injection (when the carbon impurities are not fully ionized), the impu-rity profile is mainly affected by the ionization process but not by the transport process. Therefore, a small error in the estimation of the transport coefficient would not significantly affect the estimate of the impurity profile [12] . The ablation process of the pellet injection is fairly complex. In order to confirm the estimate from VUV measurement, the penetration depth is also estimated in a simple way, i.e. estimation from Hα temporal evolution as proposed in Ref. [13] . Experimentally, the electron density in the ablation cloud is several orders of magnitude higher than that of the background plasma [14] . The temporal variation of the intensity of an emission line from the ablation cloud, for instance the Hα line, can be regarded as a measure of the spatial profile of the particle deposition by assuming that the intensity is proportional to the ablation rate. Assuming that the velocity v 0 of the pellet is constant, the Hα signal as a function of time t can be treated as a function of the position of the pellet at x = v 0 t along the trajectory of the pellet. In this study, the temporal evolution is measured by a detector, which monitors the pellet from the same port as the pellet injection tube, and its sightline is along the trajectory of the pellets. Additionally, there are two lasers located at two different points, which are 50 cm apart from each other, on the pellet injection tube. These two lasers can be employed to record the time difference when a pellet passes through these two points. Therefore, the flying velocity v 0 can be evaluated since the distance is constant. Then the deposition profile as a function of the minor radius of the plasma can be estimated. The deposition depth (distance relative to the LCFS) can be mapped as the normalized minor radius by considering the equilibrium, as shown in Fig. 11 . This estimated deposition profile by referring to the Hα signal is compared with that estimated by the VUV imaging data in Fig. 12(A) and (B). The red solid curves are estimated from the time evolution of the Hα signal, while the black ones are from the VUV imaging data. Since the electron density in the ablation cloud is much higher than that of the background plasma, the location where the pellet starts to ionize can be roughly determined when the Hα emission intensity starts to increase. This is slightly outside the last closed flux surface since the pellet starts to ablate when it enters the ergodic layer. The deposition depths estimated by the VUV image and by Hα measurement are shown in Fig. 13 for widely varied plasma parameters. Since qualitative agreement is obtained in estimations by both measurements, it is concluded that the penetration depth of the carbon pellet can be roughly evaluated by the 2D imaging diagnostics. Fig.13 Comparison between the penetration depth estimated by the Hα time evolution and the VUV imaging system
Conclusion and discussion
A high-speed tangentially viewing VUV camera system, which measures the C VI line emission, has been developed in the LHD. Carbon pellet injections were detected by this high-speed VUV telescope system twodimensionally with good temporal resolution. Since the pellet ionizes quickly after it is injected into the plasma, the deposition profile in the main plasma can be estimated by analysis of the fast VUV imaging data. The estimated deposition profile is qualitatively consistent with that estimated from the temporal evolution of the Hα signal. This analysis will be applied to plasmas with wider variations of discharge conditions.
For the estimation of the initial penetration depths, the method using the Hα signal is mainly valid when the trajectory of the pellet only follows the central line of the pellet injector. In other word, the expanding effect of the ablation cloud can be neglected. Overestimation or underestimation of the deposition profile by the Hα signal may exist if such an effect becomes nonnegligible. Compared with the Hα signal method, this limit does not exist in the estimation given by the VUV imaging system.
